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Open access under the ElThe development of cognitive impairment in sepsis is associated with neurotoxic effects caused by oxi-
dative stress. We have assessed the effects of acute and extended administration of guanosine (GUA) on
brain oxidative stress parameters and cognitive impairment in rats submitted to sepsis by cecal ligation
and perforation (CLP). To achieve this goal, male Wistar rats underwent either sham operation or CLP
with GUA. Rats subjected to CLP were treated with intraperitoneal injection of GUA (8 mg/kg after
CLP) or vehicle. Twelve and 24 h after CLP, the rats were sacriﬁced, and samples from brain (hippocam-
pus, striatum, cerebellum, prefrontal cortex and cortex) were obtained and assayed for thiobarbituric acid
reactive species (TBARS) formation and protein carbonyls. On the 10th day, another group of rats was
submitted to the behavioral tasks. GUA administration reduced TBARS and carbonyl levels in some brain
regions between 12 and 24 h after CLP, and ameliorated cognitive impairment evaluated 10 days after
CLP. Our data provide the ﬁrst experimental demonstration that GUA was able to reduce the conse-
quences of CLP-induced sepsis in rats, by decreasing oxidative stress parameters in the brain and recov-
ering the memory impairment.
 2012 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Sepsis is one of the major causes of death in intensive care units,
with a mortality rate of 30–50% (Angus et al., 2001). Critical illness
often results in multiple system organ dysfunctions, and during
sepsis development, several neurological abnormalities may be
observed, such as disorientation, confusion, agitation, lethargy,
and coma (Dellinger, 2003).
An extensive body of evidence from experimental and clinical
studies indicates that sepsis is associated with increased reactive
oxygen species (ROS) levels, depletion of antioxidants, and
accumulation of markers of oxidative stress. Once activated,
inﬂammatory cells produce ROS that are primarily directed to kill
microorganisms. However, excessive amounts of ROS can attack
cellular components and lead to cell damage (Zhang et al., 2000).
The brain is an immunologically active organ inﬂuenced byFisiopatologia Experimental,
iversitária, 1105 Criciúma, SC
sevier OA license.systemic inﬂammatory reactions and responses, such as those
resulting from systemic illnesses and sepsis (Elenkov et al.,
2005). In fact, brain tissues have unique characteristics that make
them especially susceptible to damage during sepsis, such as their
high oxygen consumption rate and low levels of antioxidant de-
fenses (D’Avila et al., 2008). In animal models of polymicrobial
sepsis, acute encephalopathy takes place, and survivors present
cognitive impairment that could be secondary to CNS damage (Bar-
ichello et al., 2005). There is evidence suggesting that short-term
oxidative damage in brains of rats subjected to cecal ligation and
perforation (CLP) could contribute to the development of CNS
symptoms during the progression of sepsis (Barichello et al., 2006).
Studies show that intense exposure of neural cells to extracellu-
lar glutamate can be neurotoxic, primarily due to an over activation
of glutamatergic receptors, a phenomenon known as excitotoxicity
(Dickman et al., 2004; Lau and Tymianski, 2010; Wang and Qin,
2010). This effect, exerted in part by the activation of the NMDA
receptors, results in an inﬂux of intracellular calcium, which trig-
gers a series of toxic events, including the activation of protein ki-
nases, phospholipases, proteases and nitric oxide synthase (NOs),
and the generation of ROS (Lau and Tymianski, 2010; Nakazawa
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nists have beneﬁcial effects in sepsis, ischemia, and trauma models
(Cassol et al., 2011; Hsieh et al., 2011; Radenovic et al., 2011). Also, a
possible mediating event is mitochondrial dysfunction (Breuer
et al., 2011; Nicholls, 2009). Inhibition of the respiratory chain
results in neuronal adenosine triphosphate depletion and in a de-
crease in plasma membrane Na+ gradient and membrane potential,
causing the release of glutamate and NO, which together increase
the oxidative stress (Toklu et al., 2009).
It has been suggested that guanosine (GUA) exhibits neuropro-
tective effects in a variety of in vitro and in vivo models of neuro-
toxicity that involve the over-activation of glutamatergic
receptors (Schmidt et al., 2007). The exact molecular mechanism(s)
involved in the neuroprotection afforded by GUA is still unknown,
but seems to be related to a decrease of extracellular glutamate
levels, by stimulating astrocytic glutamate uptake (Frizzo et al.,
2001; Schmidt et al., 2007).
In the light of this knowledge, the aim of our study was to inves-
tigate the protective effect of GUA in rats against sepsis-induced
oxidative stress in key brain regions associated with sepsis and
in cognitive dysfunction.2. Materials and methods
2.1. Animals
Male Wistar rats (2–3 months, 220–310 g) were obtained from
our breeding colony at UNESC. The animals were housed in groups
of ﬁve per cage with food and water available ad libitum, and were
maintained on a 12 h light/dark cycle (lights on at 7:00 am). All
experimental procedures involving animals were performed in
accordance with the guidelines established by the National Insti-
tutes of Health (Bethesda, Md) Guide for Care and Use of Laboratory
Animals and the Brazilian Society for Neuroscience and Behavior
(SBNeC) recommendations for animal care. All protocols performed
were approved by the ethics committee of UNESC.2.2. Sepsis induction – cecal ligation and perforation (CLP) model
Rats were subjected to CLP as previously described (Ritter et al.,
2003). Brieﬂy, they were anesthetized with a mixture of ketamine
(80 mg/kg) and xylazine (10 mg/kg), given intraperitoneally. Under
aseptic conditions, a 3-cm midline laparotomy was performed to
expose the cecum and adjoining intestine. The cecum was tightly
ligated with a 3.0 silk suture at its base, below the ileocecal valve,
and was perforated once with 14-gauge needle. The cecum was
then squeezed gently to extrude a small amount of feces through
the perforation site. The cecumwas then returned to the peritoneal
cavity, and the laparotomy was closed with 4.0 silk sutures.
Animals were resuscitated with regular saline (50 mL/kg) subcuta-
neously (s.c.) immediately after and 12 h after CLP. All animals
received basic support (saline at 50 mL/kg immediately after and
12 h after CLP plus antibiotics (ceftriaxone at 30 mg/kg and clinda-
mycin 25 mg/kg) every 6 h, s.c. All animals were returned to their
cages with free access to food and water. In the sham-operated
group, the rats were submitted to all surgical procedures but the
cecum was neither ligated nor perforated.2.3. Drugs and treatment
GUA obtained from Sigma (St. Louis, MO, USA) was dissolved in
10 lM NaOH. The solutions were prepared immediately before use
and were protected from the light during the experiments. Imme-
diately after CLP, rats received either daily intraperitoneal (i.p.)injections of 8 mg/kg GUA or the same volume of saline containing
0.001 N NaOH (Jiang et al., 2007).
Two groups (n = 7 and n = 15) were used for oxidative stress and
behavioral experiments, respectively. They were randomly divided
into three groups: (1) Sham + vehicle group; (2) CLP + vehicle and
(3) CLP + GUA group. We do not have a sham group with GUA in
order to decrease the number of animals used, but we did some
pilot experiments that in the conditions that GUA was adminis-
tered in sham animals cognitive and oxidative damage parameters
were not altered and in this study, we did not evaluate the GUA
role in the sham group. Animals were submitted only to one
behavioral task.
2.4. Oxidative stress evaluation
Twelve or 24 h after the surgery procedure (CLP or sham), all
rats were killed by decapitation. The hippocampus, cerebellum,
striatum, prefrontal cortex and ‘‘cortex’’ (cerebral cortex without
the prefrontal cortex) were quickly isolated by hand dissection
using a magnifying glass and a thin brush; dissection was based
on histological distinctions described by Paxinos and Watson
(1986). Samples were stored at 80 C for subsequent analysis of
oxidative stress.
2.4.1. TBARS
As an index of oxidative stress effects on lipids, we used the for-
mation of TBARS during an acid-heating reaction, as previously
described (Esterbauer and Cheeseman, 1990). Brieﬂy, the samples
were mixed with 1 mL of 10% trichloroacetic acid and 1 mL of
0.67% thiobarbituric acid, and then heated in a boiling water bath
for 15 min. TBARS was determined by the absorbance at 535 nm
using 1,1,3,3-tetramethoxypropane as an external standard. Re-
sults are expressed as malondialdehyde equivalents per milligram
of protein.
2.4.2. Protein carbonyl
The oxidative stress effect on proteins was assessed by the
determination of carbonyl groups based on the reaction with dini-
trophenylhidrazine, as previously described (Levine et al., 1994).
Brieﬂy, proteins were precipitated by the addition of 20% trichloro-
acetic acid and dissolved in dinitrophenylhidrazine, and the absor-
bance was read at 370 nm. Results are expressed as protein
carbonylation per milligram of protein.
2.4.3. Protein determination
Proteins were measured by the Lowry method (Lowry et al.,
1951).
2.5. Behavioral tasks
The animals were separately submitted to four behavioral
tasks: habituation to an open-ﬁeld apparatus, inhibitory avoidance
task, object recognition task and forced swimming task, 10 days
after surgery. All behavioral procedures were conducted between
13:00 and 16:00 h in a sound-isolated room, and a single animal
performed only one behavioral task in only one time point after
surgery. All behavioral tasks were recorded by the same person
who was blind to the animal group.
2.5.1. Inhibitory avoidance task
This task evaluates aversive memory. The apparatus and proce-
dures have been described in previous reports (Barichello et al.,
2005; Tuon et al., 2008). Brieﬂy, the training apparatus was a
50  25  25 cm acrylic box (Insight, Brazil) whose ﬂoor consisted
of parallel caliber stainless steel bars (1 mm diameter) spaced 1 cm
apart. A 7 cm-wide, 2.5 cm-high platform was placed on the ﬂoor
906 F. Petronilho et al. / Brain, Behavior, and Immunity 26 (2012) 904–910of the box against the left wall. In the training trial, animals were
placed on the platform and their latency to step down on the grid
with all four paws was measured with an automatic device. Imme-
diately after stepping down on the grid, the animals received a
0.4 mA, 2.0 s foot shock and returned to their home cage. A reten-
tion test trial was performed 24 h after training trial (long-term
memory). The retention test trial was procedurally identical to
training trial, except that no foot shock was presented. The reten-
tion test step-down latency (maximum, 180 s) was used as a
measure of inhibitory avoidance retention.
2.5.2. Habituation to the open-ﬁeld apparatus
This task evaluates motor performance in the training session
and non-associative memory in the retention test session. Habitu-
ation to an open-ﬁeld was carried out in a 40  60 cm open ﬁeld
surrounded by 50 cm high walls made of brown plywood with a
frontal glass wall. The ﬂoor of the open-ﬁeld was divided into nine
equal rectangles by black lines. The animals were gently placed on
the left rear quadrant and left to explore the arena for 5 min (train-
ing session). Crossings of the black lines and rearings performed in
this session were evaluated as locomotors and exploratory activity,
respectively. Immediately after, the animals were returned to their
home cage and 24 h later they were submitted again to a similar
open-ﬁeld session (test session). Crossing of the black lines and
rearing performed in both sessions were counted. The decrease
in the number of crossings and rearings between the two sessions
was taken as a measure of the retention of habituation (Barichello
et al., 2005; Tuon et al., 2008).
2.5.3. Object recognition task
This task evaluates non-aversive, non-spatial memory. The
apparatus and procedures for the object recognition task have been
described elsewhere (Barichello et al., 2005; Tuon et al., 2008).
Brieﬂy, the task took place in a 40  50 cm open-ﬁeld surrounded
by 50 cm-high walls made of plywood with a frontal glass wall. The
ﬂoor of the open-ﬁeld was divided into nine equal rectangles by
black lines. All animals were submitted to a habituation session
where they were allowed to freely explore the open ﬁeld for
5 min. No objects were placed in the box during the habituation
trial. Crossings of the black lines and rearings performed in this
session were evaluated as locomotors and exploratory activity,
respectively. At different times after habituation, training was con-
ducted by placing individual rats for 5 min in the ﬁeld, in which
two identical objects (objects A1 and A2, both being cubes) were
positioned in two adjacent corners, 10 cm from the walls. In a
short-term recognition memory test performed 1.5 h after training,
the rats explored the open-ﬁeld for 5 min in the presence of one
familiar (A) and one novel (B, a pyramid with a square-shaped
base) object. All objects had similar textures (smooth), colors
(blue), and sizes (weight 150–200 g), but distinctive shapes. A rec-
ognition index calculated for each animal is reported as the ratio
TB/(TA + TB) (TA = time spent exploring the familiar object A;
TB = time spent exploring the novel object B). In a long-term recog-
nition memory test performed 24 h after training, the same rats
were allowed to explore the ﬁeld for 5 min in the presence of the
familiar object A and a novel object C (a sphere with a square-
shaped base). Recognition memory was evaluated as done for the
short-term memory test. Exploration was deﬁned as snifﬁng
(exploring the object 3–5 cm away from it) or touching the object
with the nose and/or forepaws.
2.5.4. Forced swimming task
The task was conducted according to previous reports (Einat
et al., 2001; Porsolt, 1979), and it was used as a model for depres-
sive behavior. Brieﬂy, the task involves two exposures to a cylindri-
cal water tank, in which rats cannot touch the bottom or fromwhich they cannot escape. The tank is made of transparent plexi-
glass, 80 cm tall, 30 cm in diameter, and ﬁlled with water
(22–23 C) to a depth of 40 cm. Water in the tank was changed
for each rat. For the ﬁrst exposure, the rats were placed in the
water for 15 min (pre-test session). After 24 h, the rats were placed
in the water again for a 5-min session (test session). The periods of
immobility were analyzed. The rats were judged to be immobile
whenever they stopped swimming and remained ﬂoating in the
water, with their head just above water level. It explains how to
measure depression.
2.6. Statistical analysis
Data from the open-ﬁeld task were analyzed with ANOVA fol-
lowed by Tukey post hoc and expressed as mean ± SEM. Data from
the inhibitory avoidance task and object recognition task were
reported as median and interquartile ranges, and comparisons
among groups were performed using Mann–Whitney U test. The
individual groups were analyzed by using Wilcoxon tests. The data
for the forced swimming tests were reported as means ± SEM and
were analyzed by using the Student’s t test. Data from the bio-
chemical analyses were reported as ANOVA followed by Tukey post
hoc test and expressed as mean ± SD. In all comparisons, p < 0.05
indicated statistical signiﬁcance.3. Results
Sepsis caused an increase in TBARS (Fig. 1A) and protein car-
bonyl (Fig. 1B) levels in the investigated brain regions, observed
12 h (Fig. 1A) and 24 h (Fig. 1B) after surgery procedure (CLP or
sham), exception of the cerebellum: protein carbonyl in 12 and
24 h and TBARS in 24 h, and in prefrontal: protein carbonyl for
12 h. Treatment with GUA avoided the increase, exception of the
‘‘cortex’’: TBARS (24 h).
In the open-ﬁeld task, there was no difference in the number of
crossing and rearing among groups in the training session (Fig. 2),
indicating that there was no effect of CLP and GUA on motor and
exploratory activities. In the test session, the sham group pre-
sented a decrease in the number of crossings and rearings as a
memory index, and this decrease was avoided by CLP, suggesting
memory impairment. GUA treatment suppressed this CLP effect
on memory.
CLP caused a signiﬁcant decrease in the step-down latency in
the inhibitory avoidance task (returned to the training latency,
indicating memory suppression), when compared to the sham
group (Fig. 3). GUA treatment suppressed this CLP effect on
memory.
CLP impaired the novel object recognition memory, i.e., rats
from this group did not spend a signiﬁcant higher percentage of
time exploring the novel object during short and long-term reten-
tion test sessions in comparison to the training trial (Fig. 4). GUA
treatment suppressed this CLP effect on memory.
CLP caused an increase in the immobility time, compared to the
sham group (Fig. 5) in the test session (5 min) of the forced swim-
ming task, suggesting a depressive-like behavioral effect. GUA
treatment suppressed this CLP effect.4. Discussion
In the present study, we showed that GUA was effective in
reversing oxidative brain damage and cognitive impairment in an
animal model of sepsis, a model that is characterized by presenting
cognitive impairment in survivors associated with deleterious ef-
fects caused, at least in part, by reactive oxygen species in brain
tissue.
Fig. 1. Oxidative parameters in the brain regions (cerebellum, striatum, hippocampus, prefrontal and ‘‘cortex’’). Animals were submitted to CLP or sham-operated. TBARS and
carbonyl levels were assessed 12 h (A) and 24 h (B) after surgery (n = 7 animals per group). Bars represent means ± SD. ⁄p < 0.05 vs. sham + Vehicle, #p < 0.05 vs. CLP + vehicle,
$ p < 0.05 vs. sham + vehicle 12 h, %p < 0.05 vs. CLP + vehicle 12 h and &p < 0.05 vs. CLP + GUA 12 h.
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aptic development and plasticity as well as learning and memory.
In contrast, excessive glutamate excitation plays a role in a vari-
ety of neurological disorders. Survival pathways appear to be
mediated via NMDA receptor synaptic activity, whereas neuronal
damage may be mediated by excessive extrasynaptic activity
(Okamoto et al., 2009). Severe overstimulation of excitatory
receptors can cause necrotic cell death, while less fulminant or
chronic overstimulation can cause apoptotic or other forms of cell
death (Budd et al., 2000). These events are associated with over-
activation of NMDA receptors that causes an excessive inﬂux of
Ca2+ ions, which trigger a series of toxic events ultimately leading
to cell death by generating ROS and activating neuronal NO syn-
thase (nNOS) (Garthwaite et al., 1988). Since GUA is thought to
serve as an important local regulator of glutamatergic neurotrans-
mission (Schmidt et al., 2007), the therapeutic value of GUA,
other guanine-based purines and their analogs are under active
investigation for disorders whose pathophysiology is thought to
include abnormalities of NMDA receptor mediated neurotrans-
mission (Hardingham, 2009).An extensive body of evidence from experimental and clinical
studies indicates that sepsis is associated with excess glutamate
release, activation of glutamate receptors that results in several
metabolic alterations in the brain, such as decreased energy
supplies, ATP depletion, increased ROS production, depletion of
antioxidants, and accumulation of markers of oxidative stress
(Dal-Pizzol et al., 2010). In an animal model, oxidative damage oc-
curred early in the course of sepsis development in several brain
regions (Barichello et al., 2006) and the association of NAC and
DFX has attenuated oxidative damage in the hippocampus in early
periods of sepsis development, reinforcing the evidence that oxida-
tive stress is indeed associated with the development of sepsis-
associated brain alterations (Barichello et al., 2007a,b). Oxidative
stress is associated with a range of changes in cell function, includ-
ing membrane lipid peroxidation as well as alterations in gene and
protein expression, and signaling pathways (Gunduz-Bruce, 2009).
These events can be caused by abnormally intense exposure to glu-
tamate, which can be neurotoxic primarily through overactivation
of the N-methyl-D-aspartate subtype of glutamate receptors and
are associated with what we found when the animals were
Fig. 3. Step-down inhibitory avoidance task. Animals were submitted to CLP or sham-operated. Animals were submitted to training sessions 10 days after surgery, and were
tested 24 h later (n = 15 animals per group). Data are presented as median and interquartile ranges, ⁄p < 0.05 vs. training.
Fig. 2. Open-ﬁeld task. Animals were submitted to CLP or sham-operated. Animals were submitted to training sessions 10 days after surgery, and were tested 24 h later
(n = 15 animals per group). Data are presented as mean ± SEM, ⁄p < 0.05 vs. training.
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gery. On the other hand, recently it has been demonstrated that
GUA can act as a neuroprotective agent in an experimental model
of oxidative stress injury (Roos et al., 2009). The mechanism in-
volved in GUA neuroprotection (Schmidt et al., 2007) has been
attributed to its ability to stimulate glutamate uptake in brain
slices and in astrocytes, an essential neurochemical parameter in-
volved in neuroprotection against excitotoxicity (Danbolt, 2001;
Maragakis and Rothstein, 2001). It is possible that, in our study,
GUA counteracted the oxidative damage in lipids and protein in
brain regions by lowering the sepsis-induced increase in glutamate
12 and 24 h after CLP. Furthermore, our results observed that car-
bonyl and TBARS show different patterns in the prefrontal cortex at
12 h and in the cortex at 24 h, in this context the free radicals can
differently damage biomolecules and in this way is always impor-
tant to determine more than one biomarker of oxidative damage,
such as the TBARS and carbonyl. There are several differences in
these techniques (sensitivity, source of radical that generates dam-
age, repair of the damaged molecule) thus it is quite difﬁcult todetermine with precision the exact reason to the observed
difference.
Intensive care unit survivors experience neurologic impair-
ments, and generally, memory is the most frequently observed def-
icit, followed by executive function and attention deﬁcits. Some
studies have been published with the intent to determine the
molecular mechanisms associated with late memory deﬁcits in
the context of critical care medicine (Bermpohl et al., 2005;
Irazuzta et al., 2005; Lehnardt et al., 2006; Martins et al., 2005). Be-
cause oxidative stress is associated with the development of neu-
rodegenerative disease (Halliwell, 2006) and is important to the
development of a multiple organ dysfunction syndrome during
sepsis (Salvemini and Cuzzocrea, 2002), it is reasonable to suppose
that it could contribute to long-termmemory deﬁcits in sepsis sur-
vivors. We previously described that the short-term oxidative
damage could participate in the development of central nervous
system symptoms during sepsis development, or even septic
encephalopathy (Barichello et al., 2006), and that antioxidant
treatment prevented the development of late cognitive deﬁcits in
Fig. 4. Object recognition task. Animals were submitted to CLP or sham-operated. Animals were submitted to training sessions 10 days after surgery, and were tested 24 h
later and were tested 1.5 h (short-term memory, STM) or 24 h (long-term memory, LTM) later (n = 15 animals per group). Data are presented as median and interquartile
ranges, ⁄p < 0.05 vs. training.
Fig. 5. Forced swimming task. Animals were submitted to CLP or sham-operated. Animals were submitted to forced swimming test 10 days after surgery and the immobility
time was recorded (n = 7 animals per group). Data are presented as mean ± SEM, ⁄p < 0.05 vs. sham + vehicle and p < 0.05 vs. CLP + vehicle.
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tions raise the possibility that, at least in part, the mechanism
involved in the reversion of memory decline in sepsis might be re-
lated to the inhibition of oxidative damage triggered by overstim-
ulation of NMDA receptors (Pietá et al., 2007). Accordingly, the
reversion in memory and learning deﬁcits and depressive-like
symptoms in septic animals 10 days after the surgery caused by
GUA administration could also involve an inhibition of oxidative
damage. We did not measure sepsis induced brain alterations
10 days after CLP since we had previously demonstrated that at
this time there are no longer relevant alterations in these animals
(Comim et al., 2011). In addition, we have some evidences that
decreasing oxidative damage or glutamate excitotoxicity at the
acute phase of sepsis development it is possible to attenuate
long-term cognitive alterations (Cassol et al., 2010, 2011; Baric-
hello et al., 2007a) and we propose that these acute alterations
are relevant to the long-term cognitive impairments observed in
this model.In this context in the present study, we demonstrated that
treatment with GUA can decrease oxidative damage in lipid and
proteins in brain regions of CLP animals, resulting in the improve-
ment of cognitive alteration features of neurodegeneration in
sepsis, possibly triggered by neurotoxicity of glutamate
overstimulation.Acknowledgments
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